INTRODUCTION
For risk based management of produced water (PW) discharges being carried out on the Norwegian Continental Shelf (NCS), the operators use simulation modelling tools to predict the environmental impact The Biomarker Bridges concept is particularly relevant and has been developed for the monitoring of PW discharges in the NCS [11, 12] . In cases where effects deviate from the biomarker response pattern expected from PW or crude oil exposures it may therefore be caused by a different type of discharge, which is the particular interest in this study.
MATERIALS AND METHODS
The data used for this paper were derived from a survey conducted in the Water Column Monitoring (WCM) program on the NCS [13] . This program uses an environmental toxicological approach, and the main activity of the survey was to assess the chemical exposure and health status of fish populations living in the vicinity of an oil and gas installation. Fish collected at a clean site, about 60 km away from the platform, were used as reference material.
Fish were collected by rod and line within 100 meters of the platform. Biomarkers were analysed in four species: redfish (Sebastes sp., A.), saithe (Pollachius virens, L.), tusk (Brosme brosme, A.) and ling (Molva molva, L.). In saithe, 12 individuals were analysed and in all other species 20 individuals were analysed. At the reference site, 4 individuals of ling, 18 of tusk, and 20 of both redfish and saithe were collected. Supplementary reference values for ling obtained in the 2013 sampling were added to the data set.
Biomarker analyses
The following biomarkers were included in the data set: polycyclic aromatic hydrocarbon (PAH) bile metabolites analysed by both gas chromatography-mass spectrometry (GC-MS) and fixed wavelength fluorescence (FF) [14, 15] , ethoxyresorufin O-deethylase (EROD) [16, 17] , lysosomal membrane stability (LMS) [18] , DNA adducts [19] and histological evaluation of gills [20, 21] . Acetyl choline esterase (AChE) [22] was also analysed in the study. However, since no SSD has yet been developed for this biomarker, the results are included herein for interpretation support.
PAH metabolites (FF method). FF analysis was conducted as described by [23] . In brief, bile samples were diluted 1:1600 in 50% methanol. Slit widths were set at 2.5 nm for both excitation and emission wavelengths. Samples were analysed at the wavelength pairs 290/335, 341/383 and 380/430 nm, optimised for the detection of 2-3 ring, 4-ring and 5-ring PAH metabolites, respectively. The fluorescence signal was transformed into pyrene fluorescence equivalents (PFE) through a standard curve made by pyrene. Pyrene was measured at the optimal wavelength pair, 332/374 nm (excitation/emission). The concentration of PAH metabolites was expressed as µg PFE/mL bile.
PAH metabolites (GC-MS method). Fish bile was prepared for analysis as described by [14, 15] . Briefly, β-glucuronidase was diluted 1:10 in sodium acetate buffer (0.4 M, pH 5); internal standards and 25-30 µl bile were added, followed by incubation at 40°C for 2h. The OH-PAH were extracted with ethyl acetate (4 times 0.5 ml), and the combined extract -------------------------------------------------- 
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was dried with anhydrous sodium sulfate and concentrated to 0.5 ml. Trimethylsilyl (TMS) ethers of OH-PAH were prepared by addition of 0.2 ml N,O-Bis (trimethylsilyl) trifluoroacetamide (BSTFA), followed by heating for 2h at 60°C, and the GC-MS performance standard terephthalic acid (TPA) was added before transferal to capped vials. TMS ethers of OH-PAH in fish bile samples were analyzed with a GC-MS system consisting of an HP5890 series II gas chromatograph, Shimadzu QP2010 GC-MS. Helium was used as the carrier gas and the applied column was CP-Sil 8 CB-MS (Varian). The temperatures for the injector, transfer line, and ion source were held at 250, 300, and 240°C, respectively, and the GC oven temperature program was as follows: 80-120°C at 15°C/min, 120-300°C at 6°C/min, and held at 300°C for 30 min. Mass spectra were obtained at 70 eV in selected ion mode (SIM).
EROD. Liver samples were homogenized in a potassium phosphate buffer (0.1 M, pH 7.8) containing KCl (0.15 M), dithiothreitol (DTT) (1 mM), and glycerol (5% v/v). Microsome samples were diluted to ~2 mg/mL in buffer in 6 technical replicates onto a 96 well microplate. Pre-prepared resorufin standards (duplicates) were then added to subsequent wells. Reaction mixture (200 μL, containing 0.1 M potassium phosphate buffer, pH 8, and 3 μM 7-ethoxyresorufin) was added to the sample wells, before NADPH solution (2.4 mM in final well volume of 275 μL) was added to initiate the reaction. Transformation of 7-ethoxyresorufin to resorufin was read in 8 steps on the plate reader. Excitation was at 530 nm and fluorescence emission was measured at 590 nm. The EROD activity values were normalized to the protein content in the microsomal fraction and expressed as pmol/min/mg microsomal protein. Total protein content was determined according to [24] .
LMS. The determination of LMS is based on the time of acid labilisation treatment required to produce the maximum staining intensity after demonstration of naphthol AS-BI phosphate activity in digestive cell lysosomes [18] . The longer the acid buffer exposure period needed to destabilise the lysosomal membrane represents high membrane integrity of lysosomes and vice versa. Serial cryotome sections (10 μm) were cut and subjected to acid labilisation in intervals of 0, 3, 6, 10, 15, 20, 30, 35, 40 and 50 min in 0.1 M citrate buffer (pH 4.5 containing 2.5% NaCl), in order to find out the range of pre-treatment time needed to completely labilise the lysosomal membrane. Following this treatment, sections were transferred to the substrate incubation medium for the demonstration of Hex activity. The incubation medium consisted of 20 mg naphthol AS-BI phosphate dissolved in 2.5 mL of 2-methoxyethanol and made up to 50 mL with 0.1 M citrate buffer (pH 4.5) containing 2.5% NaCl and 3.5 g of low viscosity polypeptide to act as a section stabiliser. Sections were incubated for 20 min at 37ºC, rinsed in a saline solution (3.0% NaCl) at 37ºC for 2 min and then transferred to 0.1 M phosphate buffer (pH 7.4) containing 1 mg/mL of diazonium dye Fast Violet B salt, at room temperature for 10 min. Slides were then fixed for 10 min in Baker's formol calcium containing 2.5% NaCl and 10% CaCl at 4ºC and mounted in aqueous mounting medium Kaiser's glycerine gelatine. Slides were evaluated under a microscope. Lysosomes stain reddish-purple due to the reactivity of the substrate with Nacetyl-bhexosaminidase. The average labilisation period (LP) corresponds to the average incubation time(s) in the acid buffer that produces maximal staining reactivity. Each set of tissue sections were analysed and compared with the staining intensity of the section showing maximal staining (i.e. from which the LP was derived).
DNA adducts. Fish liver samples (70 to 90 mg per sample) were taken for the DNA extraction. For each sample, a purified DNA solution was obtained by a method of phenol-chloroform/liquid-liquid extraction, after crushing the liver pieces, isolation of cell nuclei (in sucrose 0.32 M) and sample treatment with RNases A, T1 and proteinase K. The DNA concentrations were calculated from the absorbance (optical density) at the wavelength of 260 nm (A260). The absorbance ratios A260/A280 and A260/A230 coupled with the absorbance profile of the samples between 230 nm and 300 nm were used to check the quality of the DNA solutions, particularly with respect to RNA and/or protein contamination. The 32 Ppostlabelling method used for this analysis is considered suitable for the detection of so-called "bulky" DNA adducts, which are additional compounds in
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DNA associated to complex molecules such as PAHs. Method details are reported in [25, 26] . Each analysis was performed from 5 μg of DNA. The limit of detection was fixed to half the smallest DNA adduct level (relative adduct level=RAL) calculated for an observed spot, i.e. 0.5 x 0.02 = 0.01 adducts per 10 8 nucleotides (RAL x 10 -8 ). For analysis without detectable adducts ("null" results), the concentration of adducts was defined as <0.01 x 10 -8 nucleotides. In each set of analyses, DNA from both positive and negative controls was systematically included.
Histopathology of gills. One piece of gill arch from each side of the fish was dissected in the field and immediately fixed in Baker's solution (4% formaldehyde, 1% CaCl 2 ). Tissues were dehydrated in ethanol, rinsed and cleaned in a tissue processor before embedding in paraffin wax. Histological sections (3 µm), obtained using a microtome, were mounted on slides and stained in haematoxylin, eosin and saffron (HES) using an automated staining machine. Finally, sections were evaluated using a microscope (Zeiss Axioplan 2) and all micrographs were captured with a digital colour camera (AxioCam). Gills were examined for histopathological alterations related to physiological conditions, inflammatory pathologies and pathogen/parasites infections. Each lesion was scored according to the severity and the frequency of the lesion: 0 = absence of lesion, 1 = ≤ 10 % of the histological section showed the lesion, 2 = between 10% and 50% of the histological section showed the lesion, 3 = between 50% and 70% of the histological section showed the lesion and 4 = between 70% and 100% of the histological section showed the lesion [20, 21] . Slides were analysed blind by two analysts to ensure quality.
AchE. The method from [27] to determine the AChE activity in biota tissue was used to assess AChE in extracts from fish fillet samples. The microsomal fraction was obtained as for the EROD analysis. The enzyme activity was followed by the production of the yellow coloured 5-thio-2-nitrobenzoic acid (TNB) anion. The conversion of DTNB to TNB can be used as a measure of the hydrolysis of ATC into thiocholine. ATC is produced from hydrolysation of the neurotransmitter acetylcholine by AChE. AChE inhibitors will induce a decrease in the production of ATC and therefore a decrease in the production of TNB will be observed. Experiments were performed in 96-well microplates and the protocol was automated on a robotic workstation (a Biomek 3000 laboratory automation workstation) to allow high-throughput analysis. Every sample was run in triplicate, 340 μL of 0.02 M phosphate buffer (at pH 7) were mixed together with 20 μL of 0.01 M DTNB and 10 μL of supernatant. After 5 minutes of incubation, 10 μL of 0.1 M ATC were added to start the reaction. The enzyme activity was then followed by an absorbance plate reader at 405 nm at room temperature. AChE activity was reported as µmol ATC/min/mg proteins. Total protein content was determined according to [24] .
Statistical analysis of biomarkers. With the exception of histological evaluation of gills, all raw data and levels of significance were obtained from the report [13] , where statistical differences between the groups of biological data were assessed with analysis of variance (ANOVA). Homogeneity of variance for the different groups was checked using the Levene's test and data were log transformed when necessary to obtain homogeneity. Where homogeneity could not be achieved non-parametric analysis was performed, either as a Kruskal-Wallis test or Mann-Whitney U test. Where homogeneity of variance was achieved a Dunnett's post-hoc test was performed with the parametric ANOVA to compare significant differences from the reference group. Gill histology results were analysed in SPSS® v24 using the Mann Whitney U test. The level of significance was set at p<0.05.
Affected fraction of species. In our study the number of significant biomarker responses in the different fish species were added up to yield the affected fractions of species in different biomarker groups. The distribution of the above biomarkers into groups are shown in Table 1 . These numbers were examined using the SSD curves for the different biomarkers established in relation to PW exposures [7] . Evaluations were made using so-called "forward" and "backwards" ("inverse") assessments in relation to the SSD curves [8, 28] .
There were no PW discharges at the site during the survey [29] , however seabed areas in the field are -------------------------------------------------- 
known to be contaminated with hydrocarbons and process chemicals originating from drilling discharges. The operator estimated the amount to be 3400 tons [30] . In relation to the Norwegian environmental classification of chemicals [31] about half were in the green category, while approximately 47% were in yellow, 3.9% in red and 0.16% in black categories. About two thirds of the yellow category chemicals were oil based drilling fluids [30] . Chemicals in the green category are nonhazardous, those in the yellow category are usually defined as not being environmentally hazardous, while chemicals in the red and black categories are prioritized for substitution [31] .
RESULTS AND DISCUSSION
Biomarker raw data are reported in 2014 WCM final report [13] . The statistically significant biomarker responses in the four fish species used in this study are shown in Table 1 , histopathology raw data are provided in supplementary file 1.
The fraction of the affected species in Table 1 are plotted for each biomarker group in Figure 1a . Since the number of species were limited to four, the possible outcomes of Actually Affected Fraction of species in terms of biomarker responses (AAF Biomarkers) were limited to 0%, 25%, 50%, 75% and 100%. In the detoxification system I group (Detox I) only one of the four species was affected (25%), while in the other groups two of the species were affected (50%). Details regarding the use of AFF in term of biomarker reponses can be found in [8] . Figure 1a shows a backwards assessment made from affected species back to the probable exposure concentrations that could have caused the effect. The total PAH (TPAH) concentrations that the different biomarker results correspond to are also shown. TPAHs includes 26 different PAH compounds analysed in water samples based on a standard protocol (EPA 610) with modifications as previously described [15] . The five different biomarker groups indicated a wide range of exposure concentrations (378-1764 ng TPAH/L). Expressing this as mean ± standard deviation (SD) gives a concentration of 1148 ± 980 ng TPAH/L).
A forward assessment can be made from this mean exposure concentration and the SD values via the SSD for Whole Organism Responses (SSD WOR ) of the Potentially Affected Fraction of species in WOR (PAF WOR) (also based on crude oil profile exposures). This is shown in Figure 1b with a mean PAF WOR of 30%, and the lower and higher SD values corresponding to 2% and 48 % PAF WOR, respectively. ------------------------------------------------- ------------------------------------------------ 
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Ideally, when applied to a crude oil based exposure it would be expected that in a backward assessment using the biomarker SSD concept the different biomarker responses would point back to a common exposure concentration. This is because we expect that one common exposure concentration has caused the different biomarker responses and given this particular fingerprint based on our set of SSD Biomarker curves.
In our study, it was considered likely that the fish had been exposed to toxicants other than those typically found in PW. A different distribution of concentrations might therefore be expected in the backwards assessment. This is reflected in the range of concentrations in Figure 1a and 1b, by the SD values of the mean concentration corresponding to a wide range of 2-48 % PAF WOR in the forward assessment.
The next question is if the wide ranges in toxicant concentration and PAF WOR were due to high uncertainty, e.g. as a result of few species, or if it is due to other toxicants involved in the exposure of the organisms in the survey. This can be evaluated by a closer examination of the different biomarker group responses, and the fish species in which the responses were seen. [7, 8] . Figure 1a) , the wide response range is more clearly visualised, and the responses seem to be divided into two groups: PAH metabolites, Detox I and Histopathology are grouped together at a lower concentration and LMS and Genotoxicity are grouped together at a higher concentration.
The PAH metabolites and Detox I groups are typically biomarkers of exposure, and their responses are usually indications of ongoing or recent exposure of the organisms to PAHs [32, 33] . Histopathology has been shown to give similar indications [7] , especially in gill tissues. This may be due to the fact that gills are exposed directly to the oil constituents in the water and have a large surface area (i.e. the respiratory epithelium) and a high perfusion rate that facilitates the entry of pollutants into this tissue [34] . During exposure to PW discharges more species will normally show a response in other biomarkers than in LMS and genotoxicity [7] . LMS is a biomarker of general cellular stress which responds to various chemicals, including PAHs [35] . The same fish species were affected in LMS as in AChE (Table 1) , which may indicate that neurotoxins have contributed to the elevated lysosomal membrane stress [22] .
In relation to PW discharges, the responses of the genotoxicity biomarker (DNA adducts) are usually considered to be adducts of large PAHs [33] . Even if the biomarkers of exposure did not indicate an ongoing exposure of hydrocarbons, the DNA adduct responses could have originated from a recent, but ended hydrocarbon exposure. This is due to the fact that DNA adduct responses in general are expected to remain longer after the end of exposure than EROD and PAH metabolites [19, 36] . On the other hand, DNA adducts might also have responded to other chemicals. Although the biomarker responses to different process chemicals are not known in great detail, simultaneous exposures to several different process chemicals in the yellow, red and black categories can generally be assumed to result in stress on lysosomal membranes, AChE and DNA. Additionally, the larger PAH compounds in oil based drilling fluids -------------------------------------------------- 
are likely to cause more DNA adduct formation than the smaller PAH compounds in PW [37] . Thus, a division in the two biomarker groups can be considered in accordance with the responses being caused by other sources than PW discharges.
In the four sampled fish species, two have a more demersal lifestyle (tusk and ling) than the others (redfish and saithe) [38] [39] [40] . Therefore, the distribution of species affected by the different biomarkers might in some cases provide indications to the source of the toxicants inducing responses [41] . If the two species affected in LMS and genotoxicity biomarkers were the two demersal species it could be an indication that the sediment is the toxicant source for those effects. However, this was not the case (Table 1) , and overall the significantly elevated biomarker responses were rather evenly distributed between demersal and pelagic species.
The interpretation in this case points more towards a generally elevated level of affected species in the area. This is in accordance with the conclusions reported from the survey, that the observed biological responses can partly be explained by the wide range of oil and gas related chemicals that were not measured but were likely to be present [13] . The point of value in our study is that deviances from the expected pattern of biomarker responses can guide further inspections of the data and may add information regarding toxicant types and sources.
The above discussion shows that the wide ranges in estimated toxicant concentration and PAF WOR were likely due to other toxicants than those found in PW. Besides, the study highlights the necessity to establish the number of species needed to identify PW biomarker response profiles. For this a study with PW discharges will be necessary. Further the study did not provide data for a direct comparison to predicted impact and risk. This will be tested with data from the WCM survey conducted in spring/early summer 2017, where PW is expected to be the major source of contamination, and where a regional DREAM risk prediction was carried out before the survey. The Risk Indicator interpretation will commence as soon as all analytical data are available.
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CONCLUSIONS
The experience gained by this case study of using biomarkers as Risk Indicators was that despite limited data on only four fish species, it was still possible to reveal biomarker responses corresponding to a higher risk level than expected, possibly caused by toxicants from sources other than PW. Genotoxic and other chemical stress effects were shown to have higher levels than normally found at the PW exposure level indicated by the exposure biomarkers in the study. This was in accordance with the predicted low impact and risk from PW.
In a follow-up study focused on a case where PW is expected to be the major source of contaminants, more experience will be gained with how well backward assessment using the biomarker based Risk Indicators will correspond to predicted environmental toxicant concentrations and risk.
